Proteomes of interest, such as the human proteome, have such complexity that no single technique is adequate for complete analysis of the constituents. Depending on the goal (e.g., identification of a novel protein vs. measurement of the level of a known protein), the tools required can vary significantly. While existing methods provide valuable information, their limitations drive the development of complementary, innovative methods to achieve greater breadth of coverage, dynamic range, or specificity of analysis. Here, we will discuss affinity-based methods and their applications, focusing on their unique advantages. In addition, we will describe emerging methods with potential value to proteomics as well as the challenges that remain for proteomic studies.
to use and not requiring expensive instrumentation, 2-DE has some significant drawbacks. For example, not all types of proteins (e.g., membrane proteins, hydrophobic proteins, proteins greater than 150 kDa) are resolved equally well in gel electrophoresis [10] . Second, the loading capacity of gels is limited, which in turn limits the amount of protein that can be separated and the depth of proteome coverage that can be obtained. This is especially important when working with complex biological fluids such as serum where the range of protein concentrations spans at least five orders-of-magnitude [11, 12] . Third, the identification and/or characterization of protein modifications (e.g., phosphorylation) in a sample requires the use of additional methods such as immunoblotting [7] . Although approaches such as sample fractionation, use of `zoom gels' (i.e., narrow pI range isoelectric focusing gels), and more sensitive staining methods (e.g., fluorescence-based stains) have been developed to overcome these drawbacks, today 2-DE is primarily a method for initially characterizing proteomes prior to more thorough analysis by other methods.
The development of mass spectrometry (MS) methods has addressed some of the drawbacks of gel-based proteomics mentioned above, especially in handling complex protein samples and increasing the depth of proteome coverage. The power of MS-based proteomics is evident from studies utilizing it to characterize the proteomes of organelles [13, 14] , formation and localization of protein complexes [15] , and protein modifications [16] . MS can be used for analyzing enzymatically-generated peptides or intact proteins ("bottom-up" and top-down" proteomics, respectively). In bottom-up proteomics [17] , proteins are fragmented prior to ionization in the MS [3] . In the top-down format, the masses of intact proteins are measured, followed by fragmentation, separation, and detection in the mass spectrometer [18] . In either case, the ionized protein fragments are separated based on the mass-to-charge ratio of the gas-phase ions. While both approaches have their own unique advantages, bottom-up proteomics is more widely used in protein identification studies because of the ease with which proteins are enzymatically fragmented into peptides and the straightforward coupling of protein identification with powerful conventional protein separation techniques [19] .
In bottom-up proteomics, proteins are first separated by gel electrophoresis or by liquid chromatography, prior to proteolytic fragmentation and identification by MS. Alternatively, the entire protein sample can be digested and the generated peptides separated and analyzed [20] . This "shotgun approach" has the advantage of utilizing multiple liquid chromatography techniques (e.g., size exclusion followed by strong-cation exchange chromatography) to separate the complex peptide mixture before MS analysis. However as the number of generated peptides exceeds 2 million [21] , the ability to separate ions with very similar mass-to-charge ratios and instrument sensitivity are limiting factors. Moreover, protein identification is based on only a small fraction of the peptides and can lead to loss of information on post-translational modifications.
Thus, while MS has enormous potential for comprehensively characterizing proteomes, it is unlikely that it can be used as a stand-alone, universal proteomic method. The combination of MS with other methods for characterizing protein complexes, function, and localization is expected to generate the greatest depth of proteome coverage. In this review, we will focus primarily on new, complementary technologies currently being developed and applied for proteome characterization.
Affinity-based Methods
Emerging techniques using affinity reagents for the analysis of focused sets of proteins have advantages of being more sensitive, less labor intensive, and more broadly focused than traditional single protein methods. These methods are highly tunable to meet the needs of the investigator and the system of interest. However, they are only applicable for known protein targets and, furthermore, these targets also need to have well characterized, specific affinity reagents. For genomics techniques, the affinity is based on complementary basepairing between two nucleic acid strands. For proteomics, more creative approaches are required to identify specific binding partners. To date, the use of antibodies has predominated affinity-based protein analytical methods. Nonetheless, the interactions between proteins and their non-proteinaceous natural binding partners such as nucleic acids (both natural and those derived from in vitro selection), lipids, and small molecules have been screened in various array formats (as reviewed recently [22] ). Here, we will discuss the state of the art in affinity-based proteomic strategies, focusing primarily on new techniques that are using affinity reagents, principally antibodies and aptamers, in creative ways to circumvent the limitations of existing technologies (see Table 1 for a general comparison of 2-DE/MS-based and affinity-based methods; see Table 2 for a general summary of current antibody-based methods).
Antibody-based proteomic methods
Surface arrays-Planar antibody arrays were the earliest form of proteomic arrays for profiling protein expression levels. Compared to 2-DE/MS methods, antibody arrays can, in some cases, perform more rapid and sensitive multiplex analyses of the non-fractionated proteome [23] . Antibody arrays can generally be classified into three categories: i) immobilized antibodies to capture labeled proteins from the solution [24] ; ii) immobilized proteins detected by labeled antibodies [25, 26] , and iii) dual antibody sandwich assays [27] [28] [29] . Protein arrays have been widely used for cytokine profiling in a variety of studies, including providing comprehensive insights for inflammation and aging studies [30, 31] . They have also been actively used in biomarker identification for a variety of cancers, including prostate [32] , breast [33] , hepatic [34] , and pancreatic [35] . Discovery of secreted biomarkers continues to be a primary use of protein arrays.
Antibody microarrays have also been applied to study intracellular signaling. Antibodies to epidermal growth factor receptor (EGFR) and ErbB2/Her2 and their tyrosine phosphorylated forms were used to monitor the concentrations and activities of receptor tyrosine kinases in a ratiometric microarray format [36] . A label-free sandwich approach using near infrared spectroscopy was applied to study extracellular regulated kinase (Erk) 1/2 and Stat3 signaling in cell lines and primary cells over time [37] .
Unique methods have been explored to improve the sensitivity and performance of antibody-based methods. One such method, rolling circle amplification (RCA) was used to maximize the signal response from protein recognition in a multiplexed assay [38] . After protein capture by monoclonal antibodies on the microarray, secondary, biotinylated polyclonal antibodies for the proteins were added. Finally, the secondary antibodies were bound by anti-biotin antibodies conjugated with DNA primers. Following addition of a circular DNA template, polymerase, and nucleotides, RCA begins and produces long ssDNA strands that were then detected with fluorescently-labeled, complementary oligonucleotides. This technique was used for the simultaneous measurement of 75 cytokines with femto-to picomolar sensitivity. RCA enabled detection of cytokine levels 1000 fold below the sensitivity limit of direct fluorescent detection without amplification. In addition, because of the ligation of the readout to the antibody binding, signal diffusion, often an issue with enzyme catalyzed chemiluminescent readouts, was largely avoided.
Bead-based arrays-Solution-phase, multiplexed immunoassays have been developed on microbeads, enabled by flow cytometric detection of the color-coded beads used to immobilize the antibody [39] . Each bead is then detected by its unique optical signature. The beads can also be conjugated with other capture molecules such as antigens, receptors, or enzyme substrates. A commercially available platform has been developed using beads labeled with two fluorescent dyes each with 10 different intensities (Luminex Corporation, Austin, TX) [40] , which limits analyses to a maximum of 100 unique analytes. However, as the limitation is based on bead encoding, rather than sensitivity or specificity, the potential to expand the technique to greater parallelism, certainly exists.
Compared with planar proteins arrays, bead based assays have advantages such as solution phase processing and detection, increased flexibility, and simplified automation [41] . Unlike planar arrays, which are relatively inflexible after synthesis, bead-based arrays can be readily customized through inclusion of different sets of existing or user-customized beads [40] . Because they are typically based on two-molecule detection (e.g., detection of the bead color and fluorescence from the analyte), bead-based assays often do not require a wash step to reduce non-specific background, which maximizes the sensitivity of the assay while simultaneously simplifying sample processing.
Bead based assays have been applied for a variety of systems, including detection of cytokines [42] [43] [44] [45] [46] [47] , auto-antibodies [48, 49] , and biological warfare agents [50] . In one novel application, the bead system was used for fast analysis of binding specificities of monoclonal antibodies [51] . Protein epitope signature tags from which antibodies were generated were immobilized and mixed. The binding specificity of 84 antibodies was assayed by incubating each antibody with the bead mixture followed by detection with fluorescently labeled secondary antibodies. Results from the bead technique were validated with planar microarrays [51] . The authors were also able to use their validated antibodies with the bead system to measure 20 serum proteins from 200 clinical serum samples in under 2 days [52] .
Recently, bead-based profiling was applied for measuring the phosphorylation activity of 62 of 90 tyrosine kinases present in various cancer cell lines [53] . Tyrosine kinase specific antibodies were coupled to the beads for immobilization of the enzymes. A biotinylated, antiphosphotyrosine antibody was then used for detection of the phosphorylation status of the enzymes from cell lysates. Kinases with similar phosphorylation patterns across multiple cancer cell lines were identified [53] . Importantly, the frequent activation of SRC in glioblastoma was confirmed in follow up experiments with primary glioblastoma multiform (GBM) patient samples. SRC was also indicated as a potential therapeutic target for GBM. This multiplexed method significantly reduced the required cell number and cost per assay and proved to have specificity and sensitivity equivalent to western blotting.
Quantum dots (QDs) have been explored to address the limit on the number of possible bead encodings. QDs are inorganic crystals composed of a cadmium selenide core and a zinc sulfide shell. Polymeric microbeads coded with QDs were developed by infusing QDs into preformed beads in organic solvents [54] . QDs typically have higher brightness, orders of magnitude higher resistance to photobleaching, and narrower emission spectra, compared to organic fluorophores [55] . Moreover, the properties of QDs result from their chemical composition and physical structure, allowing facile manipulation of their characteristics to avoid spectrum overlap and increase their potential for multiplex applications [55] . QD encoded beads were used in a multiplexed detection of autoantibodies of TopoI and smantigen in serum samples of systemic sclerosis patients [56] . QDs were also used directly as fluorescent labels in immunophenotyping [57] . A 17-color staining panel composed of 7 QDs and 10 other fluorophore labeled antibodies and pMHCI antigens was used to probe surface marker expression of antigen specific T-cell populations within an HIV-seropositive individual by polychromatic flow cytometry [57] . It was found that every antigen specific subset of cells had a unique phenotypic pattern, providing an example of the potential of QDs in proteomic applications.
DNA Barcoding-An alternative to direct readout of protein detection is through the translation of protein signal to the nucleic acid domain through strategies that can collectively be described as DNA barcoding. These methods have the advantage that the terminal readout is the quantity of the nucleic acid, rather than the quantity of protein, therefore the readouts can take advantage of convenient, parallel, sensitive, and relatively ubiquitous methods for nucleic acid detection. One manner by which this is accomplished is to assign antibodies with a unique DNA label. An early application of a barcoding strategy was in the use of gold nanoparticles functionalized with an antibody and multiple copies of a biobarcode oligonucleotide [58] . The particles were then applied in a sandwich-like format with magnetic particles conjugated with another monoclonal antibody for the same protein target. Different oligonucleotides were used as identifiers for different target proteins, and, after magnetic separation, the biobarcodes were eluted from the nanoparticles with dithiothreitol (DTT) and measured using a DNA microarray. This method was used in a multiplexed assay to measure three established cancer markers: prostate specific antigen (PSA, a prostate cancer marker), human chorionic gonadotropin (HCG, a testicular cancer marker), and α-fetoprotein (AFP, a hepatocellular carcinoma marker) at 170 fM concentration in diluted serum. The extraordinary sensitivity resulted from the release of multiple biobarcode oligonucleotides for each protein molecule detected. It is possible that even further sensitivity might be possible using PCR to amplify the released oligonucleotides prior to detection.
Antibodies directly conjugated with DNA tags have also been used to measure six proteins simultaneously in what is termed a proximity ligation assay (PLA) [59] . Each protein analyte was probed by a pair of antibodies each modified with an oligonucleotide probe. Upon binding of both antibodies to the target, the probes were in close proximity and were ligated together in the presence of template strands complementary to the two probes. Ligated products were amplified with specific primers to each probe and detected with real time PCR [59] . This assay can sensitively detect proteins at femtomolar concentrations in 1 μl samples (roughly 1000-10000 total molecules of protein per sample). The high sensitivity and low background of this assay was due to the amplification capacity of PCR and the dual binding events required for generating a positive signal, similar to the biobarcode assay described above. In a follow up study, PLA was applied for comparing the levels of putative protein markers in plasma samples from pancreatic and ovarian cancer patients [60] . The assay showed cancer biomarkers CA 19-9 and CA-125 were upregulated in respective patient plasma samples, allowing accurate classification of cancers and normals. Moreover, the quantitative protein levels were consistent with measurements using other techniques as published in the literature.
DNA barcoding has been combined with microfluidics for rapid, flexible construction of a tool for plasma protein analysis. Rather than depositing the antibodies directly onto an array, antibodies were conjugated with multiple copies of a ssDNA barcode and were then hybridized to an array functionalized with complementary ssDNA strands [61] . The array could then be applied in a sandwich format with detection antibodies. Coupling the array to a microfluidic system, direct on-chip separation of plasma from blood obviated the need for prior centrifugation, enabling measurement of 12 protein concentrations simultaneously from a 10 μL sample [61] .
In the high-throughput immunophenotyping using transcription (HIT) technique, each DNA tag used to label the antibody contained a T7 promoter and was amplified by the T7 RNA polymerase [62] . The labeled RNA tags were then purified and hybridized to a DNA microarray for quantification. Using two 48-plex HIT reactions, 90 surface markers on human naïve T helper cells were profiled. Although the assay format was limited to measuring the surface proteins on pure populations of cells, the concept of using existing DNA microarrays for new purposes suggests an efficient means for the rapid development of new proteomics platforms.
Aptamer-based proteomic methods
Antibodies are well-established as affinity reagents for low and high-throughput analytical methods. To circumvent some of the limitations of antibodies (e.g., protein instability), aptamers are being developed as a complementary set of affinity molecules. Aptamers are single-stranded nucleic acids that are selected for their ability to bind specific target molecules with high affinity and specificity [63, 64] . In comparison to antibodies, aptamers offer a number of advantages for proteomic applications. First, aptamers can be reliably synthesized from known sequences using chemical or enzymatic procedures [65, 66] . Second, because aptamers are generated by in vitro selection, aptamers targeting any analyte, including those too toxic to allow generation of antibodies, could potentially be generated. Third, the specificity and affinity of aptamers is tunable through manipulation of the selection conditions, such as by incorporating negative selection against similar analytes that would confound accurate detection of the intended analyte [67] . The high specificity that can be achieved is especially advantageous for multiplex sensing applications. Aptamers can also be generated with chemically-modified nucleotides to enhance their properties for various applications, such as stability to nucleases for measurements in biological fluids [68] [69] [70] . Finally, aptamers can be readily engineered for both sensing and readout using designed selection or through post hoc manipulations [71] [72] [73] [74] [75] [76] [77] [78] .
The utility of aptamers for measuring multiple analytes on an array format was first demonstrated in a small molecule array [79] . The array was fabricated by depositing seven allosteric ribozymes (an aptamer with enzymatic functionality that depends on its conformation) onto a gold surface and measuring the fraction of radiolabeled ribozyme that underwent self-cleavage in the presence of different effectors. An aptazyme ligation assay was also developed to detect metabolites, peptides, and proteins on an array format by measuring the fraction of oligonucleotide ligated upon target binding [80] . These studies demonstrated the possibility of utilizing an ensemble of aptamers for multiplexed sensing applications and corroborated that aptamers retain their specificity in complex, mixed analyte environments. Several groups have since developed aptamer arrays to measure multiple proteins simultaneously [81] [82] [83] .
A four-element RNA aptamer array was developed in which biotinylated RNA aptamers were deposited onto streptavidin coated slides using contact printing. Analyte proteins were labeled with Cy3 or Cy5 fluorescent dyes and detected in a cell lysate background [82] . A flow cell system enabling real time detection of multiple aptamer binding events was also developed on a bead array format [84] . The system contained a silicon chip microfabricated with multiple pyramidal shaped wells where samples could flow through the smaller openings at the bottoms of the wells. Agarose beads loaded with individual aptamers were positioned into each well. Proteins were labeled directly or bound by labeled antibodies and detected by fluorescence microscopy when passing through the wells. This system was used to assess the affinity of in vitro selected lysozyme aptamer clones in parallel and also showed specific signal response when cognate protein targets were added to a duplex assay in which ricin and lysozyme aptamers were immobilized on beads and loaded into different wells. Presumably, this assay could be extended to proteomic-scale analyses through a combination of binding, elution, and detection of the individual proteins across a number of wells, each loaded with beads specific for a different protein.
In native aptamer (and antibody) assays for measuring proteins, non-specific interactions are reduced through washes or other means. However, in doing so, specific signal is also reduced. In an effort to maintain sensitivity with minimal background, photoaptamers were developed [85] . Photoaptamers are selected containing bromodeoxyuridine (BrdU) modifications that readily crosslink to bound proteins upon UV exposure. These were applied in the most comprehensive aptamer array described thus far, which measured 17 proteins simultaneously from serum samples [81] . Crosslinked proteins were detected by universal protein stain or specific secondary antibodies. Because of the low background, the detection limits of about one third of the analytes were below picomolar concentration, with several analytes exhibiting an impressive detection limit below 10 fM.
A dual protein detection scheme using an electrochemical biosensor was recently demonstrated [86] . Lysozyme and thrombin were differentially labeled with two different QDs and measured in a competition assay with unlabeled proteins. Picomolar sensitivity was achieved for both proteins. While prior labeling of proteins with QDs (or any other label) is not feasible for most proteomic analyses, this assay demonstrates a new means for reading out multiplexed aptamer-based protein measurements.
Technologies for enabling and enhancing proteomics analyses Isolation and Characterization of Affinity Reagents
A significant limitation of affinity-based methods is the limited availability of high-quality, validated affinity reagents. Current projects are seeking to address this issue. Antibodypedia provides a database of antibodies targeting human proteins and their utility for a variety of standard laboratory analyses [87] . Broader information on the collection and characterization of affinity molecules for the human proteome can also be obtained from ProteomeBinders [88] . A database for aptamers and their targets has also been compiled (http://aptamer.icmb.utexas.edu/).
Affinity Prefractionation
Affinity is not only used as the underlying principle in antibody and aptamer technologies but has also been utilized for pre-fractionating proteins to enhance the depth of proteome coverage. While pre-fractionation techniques such as size exclusion and ion-exchange chromatography have been used in multi-dimensional protein identification to reduce sample complexity, affinity-based separation methods are also useful for enrichment of low abundance proteins in complex samples, decreasing sample complexity, and investigating protein-protein interactions and protein complexes (i.e., interaction proteomics) [89, 90] . The high degree of specificity between the bait and the capture molecule minimizes non-specific capture of proteins and improves the efficiency of affinity-based approaches. The most common baits used for affinity-based separation, protein ligands and antibodies, are discussed below in the context of analyzing the human plasma proteome. Different protein ligand-based sample fractionation and enrichment methods have been used to improve plasma proteome profiling. Since plasma proteins are generally glycosylated, affinity for carbohydrate moieties has been successfully applied for pre-fractionation [91] . In a parallel approach, the binding affinity between hydrazide moieties and glycosylated proteins has also been used to selectively enrich glycoproteins [92] . It was demonstrated that coupling depletion of six high abundance plasma proteins with a multiple lectin affinity column resulted in capture of roughly 50% of the serum glycoproteome [93] . Array-based prefractionation has also been coupled with mass spectrometry for improved proteome resolution [94, 95] . Other ligands such as Protein A and Protein G have been used to bind and deplete immunoglobulins [96] , which are the second most prevalent class of proteins in human plasma. Antibodies are also used to deplete high abundance plasma proteins.
Polyclonal antibodies against immunoglobulins have been used in affinity columns to remove these high abundance proteins [97] . Immunoaffinity-based depletion is often used in conjunction with other approaches, such as mixed antibody columns, to deplete other high abundance proteins [98] .
Transcription Factor Profiling
As with DNA barcoding techniques, using DNA sequences for the readout of protein levels is uniquely feasible for transcription factors (TFs). Their specific DNA recognition provides the natural one-to-one correspondence required for parallel analytical techniques. Multiplex techniques that leverage this binding specificity are often based on the readout of reporter genes. In these methods, an easily assayable reporter construct is placed behind the recognition sequence for the TF of interest, and the expression of the reporter is monitored. Thus, activation of the TF should lead to transcription of the natural targets as well as the construct. This approach was applied recently to the simultaneous measurement of 43 TF activities [99] . In a particularly creative approach, TF activation resulted in the expression of a set of transcripts, all of which contained the same, unique restriction enzyme site. After RNA isolation and RT-PCR, the resulting cDNAs were cleaved with the restriction enzyme resulting in a set of DNAs, each with a unique length specific for a given TF. The products were then assayed by capillary electrophoresis to determine the relative quantities of each length DNA product and, correspondingly, the relative activity of the corresponding TF. Using this approach, TF activities of HepG2 cells before and after induction with biologically active compounds were compared. The value of the parallel TF measurements was further demonstrated by the measurement of unique TF activity profiles from cancer cell lines related to HepG2s, thus suggesting a potential value for TF profiling in the classification of tumors.
A commercial approach also relies on reporter gene constructs for multiplex TF measurements (Panomics/Affymetrix, Fremont, CA). This approach also begins by transfection of cells with reporter plasmids. Reporter RNA is then isolated, reverse transcribed, and assayed by DNA microarray. This technique was applied to analyze trichostatin A (TSA) induction on cardiac myocytes in vivo [100] . They monitored 24 TFs simultaneously and determined the interactions among them. Of note, the results showed that the activity of the early growth response gene, EGR-1, increased with TSA induction. While reporter gene-based techniques provide valuable information for in vitro systems, they require manipulation of the cells prior to analysis, precluding their use for analysis of samples, for instance, from a clinical setting. Also, transfection of the reporter plasmids may alter the natural cellular signaling and function, resulting in an abnormal response to the stimulus being studied.
Similar commercial approaches that can be applied to isolated protein samples also leverage the Luminex cytometric platform. In these techniques (Panomics/Affymetrix and Marligen, Ijamsville, MD), cellular extracts are incubated with double stranded DNA probes composed of biotinylated TF recognition sites. After removal of unbound probes, bound probes are hybridized with complementary sequences attached to fluorescent beads. Fluorescentlylabeled streptavidin is then added to the mixture. In this way, the signals from the streptavidin fluorophore and the bead indicate the presence of a probe and its identity, respectively. These assays required only ~5 μg of cell extract for accurate TF measurements. This technique was used to assess TF activity in untreated HeLa cells and those exposed to phorbol 12-myristate 13-acetate (PMA) and tumor necrosis factor α (TNFα). Based on similarities in their TF activation profiles, it was proposed that their signaling pathways share some common mechanisms [101] . As stated above, these methods have been used to detect up to 50 TFs in parallel but, again, the number of TFs that can be measured is limited by the number of unique bead spectra.
Another array-based method to profile TF activities was developed by Panomics (Panomics/ Affymetrix). In this method, after incubation of biotin labeled TF probes with nuclear extracts, TF bound probes are separated from free probes with spin columns. TF bound DNA complexes are then denatured, and free probes are hybridized to an array of sequences complementary to the TF recognition sequences. With the array, quantitative and qualitative data can be obtained. This method can profile up to 345 TF in parallel. This technique has been applied to the analysis of TF activities in breast cancer lines [102] , in analyzing the effects of the extra-cellular matrix on cancer cell phenotypes [103] , and in colon tumor cells [104] .
Protein-Protein interactions
An emerging area of research that builds on current advances in affinity-based separation is in interaction proteomics -that is the identification of protein complex and protein-protein interactions in the context of cellular function. Most cell functions are not carried out by single proteins; instead, multiple proteins function as a complex to carry out specific functions. Therefore, characterizing the association of a protein with other proteins is of interest. However, proteins are not uniquely associated with a single complex and are often associated with different partners, depending on the cell type and state. Therefore, the ability to isolate binding partners of proteins under physiologically-relevant conditions continues to grow in importance for improving our understanding of protein function. Many array-based approaches using whole proteins and protein domains have been developed with some available commercially (e.g., http://www.panomics.com/) [105, 106] . In addition, a microfluidic approach was used to exhaustively study the interactions among 43 proteins from S. pneumoniae [107] .
One unique method for studying these interactions relied on in situ expression of proteins, rather that direct printing of the proteins onto an array surface [108] . This approach mitigated issues with the high throughput production and isolation of proteins and protein instability during storage [109] [110] [111] . On a nucleic acid programmable protein-protein interaction array, the proteins were translated using rabbit reticulocyte lysate supplemented with T7 polymerase and captured locally with an antibody to the glutathione S-transferase (GST) tag fused at the C-terminal of each protein [109] . Twenty-nine proteins involved in DNA replication initiation were immobilized and expressed on the array and added with the plasmid expressing each component protein. The study detected 28% of all interactions between and among origin replication complexes (ORC) and a minichromosome maintenance complex (MCM2-7) identified by biochemical experiments [112] . Novel interactions were also discovered [109] . The technique was then expanded to over 1000 proteins on the array surface with high fidelity and reproducibility of protein expression [110] .
Five-year view
It is still difficult to predict which platform(s) will ultimately make up the core set of tools for proteomics. It can be envisioned that methods will emerge that measure small subsets of proteins with known biological or clinical importance. MS-based methods will likely continue to be used to screen for targets/biomarkers of interest which can then be investigated individually or in parallel using affinity-based methods. For these assays to demonstrate real value in understanding biological phenomena or influencing patient care, the robustness of these methods across laboratories and clinical sites needs to be demonstrated, as reinforced by a recent study [113] . Moreover, once biomarkers are identified, the roles the proteins play in the disease process must be concretely established so as to best understand how they affect the disease process.
Another area of particular attention should be on the infrastructure requirements for implementation and analysis of proteomic techniques. For broad adoption of any proteomic strategy for a clinical application, the disparities in global infrastructures should also be considered. An emphasis on simple to perform, portable, durable, reusable, minimal reagent assays will lead to improvements in care for far greater numbers of individuals (e.g., [114] ).
Expert Commentary
The ultimate utility of a proteomic method is in its flexibility and customizability. The variety of analytes in proteomics studies far exceeds that of genomics studies. Proteins vary in size, charge, structure, localization, function, and modifications. Moreover, proteomic studies can be divided into expression, interaction, functional, and structural, with each requiring specific analytical methods. Because of this complexity and breadth of the analytes being studied, no single proteomic strategy will ever suffice for all studies. Understanding the information that the scientist/clinician desires to get out of the study will likely define the type of technique to be applied.
Affinity methods also have the potential to mitigate the data analysis problem associated with all high-throughput, parallel analytical methods. Well-characterized reagents of known affinity and specificity combined with standardized and validated assays can be used for improved quantitation of parallel protein measurements. In turn, improved quantitation will enhance the characterization of samples and the definition of biomarkers -removing the need for relative quantification and changing analyses from focusing on presence vs. absence of a given protein to assessment of the level of a protein relative to an absolute scale. This sort of quantification will improve the diagnostic and prognostic value of the assays being applied and the targets being studied. 
